The vibration active control of the composite panels with the uncertain parameters in the hypersonic flow is studied using the non-probabilistic reliability theory. Using the piezoelectric patches as active control actuators, dynamic equations of panel are established by finite element method and Hamilton's principle. And the control model of panel with uncertain parameters is obtained. According to the non-probabilistic reliability index, and besides being based on H N robust control theory and non-probabilistic reliability theory, the non-probabilistic reliability performance function is given. Moreover, the relationships between the robust controller and H N performance index and reliability are established. Numerical results show that the control method under the influence of reliability, H N performance index, and approaching velocity is effective to the vibration suppression of panel in the whole interval of uncertain parameters.
1 Thus, the methods of vibration control of the panel received considerable attentions. 2, 3 However, due to various reasons, such as the influences of machining, assembling and using environment etc., the material parameters and structure parameters may be presented uncertainty, and this phenomenon makes the stiffness, damping, and mass of the plate also presented uncertainty, it should be influenced the effect of the controller to control the vibration of plate. Therefore, the control method to the vibration suppression of plate with the parameter uncertainty is considered.
At present, vibration active control with uncertainty of structure parameters is studied, and the methods that solved the problem of uncertain factors have been presented in some literatures. Several researchers used probability analysis method 4, 5 to study the problem of uncertain factors. And some researchers applied interval analysis method 6, 7 to analyze the uncertain factors. The interval analysis method considers uncertain parameters as interval variables, and based on various control methods, the response of the panel can be calculated. Some other researchers used modern robust control theory 8, 9 to translate uncertain system into certain system, then H N robust controller is designed. Now, the non-probabilistic reliability method 7, [10] [11] [12] [13] [14] is widely applied to deal with uncertainty problem; it overcomes the limitations of probabilistic reliability method. Using this method, only the interval of uncertain parameters should be known, and concrete distribution is not required, the requirement of original data could be considerably reduced. Moreover, the non-probabilistic reliability theory can be used to weigh the reliability of performance of uncertain system. Considering the uncertainty of the structural parameters of the panels, piezoelectric patches is used as active control actuator. Based on the H N robust control theory and non-probabilistic reliability theory, H N feedback control rate is obtained for different H N performance, reliability, and approaching velocity. Moreover, the effectiveness of the H N robust controller to the vibration suppression of the composite panel in the whole interval of uncertain parameters is discussed.
Dynamic model of panel
The composite laminated plate is shown in Figure 1 . The length and width are a and b, and the thickness of single lamina of the composite laminated plate is h k . Figure 1 also shows the Cartesian coordinates of the plate, in which the coordinate origin is located at the left corner and the coordinates x and y are located at the mid-plane of the plate. The variable w is used to denote the displacements of the plate in the z direction.
According to the Kirchhoff theory, the straindisplacement relations are obtained as e f g = e x e y g xy 8 < :
where fkg represents the bending strain. The stress-strain constitutive equation of a single composite panel is as follows
. E 1 and E 2 are elastic modulus, m 1 , m 2 are Poisson's ratio, and G is the shear modulus.
The active control actuator of the panel used piezoelectric patches, which are made of ceramic material, and the direction of the polarization is the z axis. Piezoelectric patches are ideally pasted. The constitutive equation is 
where
, E 1 and m are the elastic modulus and Poisson ratio of the actuator, e ij is the piezoelectric strain constant, 2 ii is clamping dielectric constant, D is the electric displacement, and E z is the electric field vector. According to the first-order piston theory, the linear aerodynamic expression is as follows
where q = r a V 2 =2, r a is the air density, b = ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi M 2 ' À 1 p , U is air velocity, and M ' is the Mach number.
Because it is assumed that the transverse displacement is invariable along the thickness of the plate, the mid-plane of the plate can be discredited using rectangular element. The displacements at arbitrary points of the element can be expressed as follows
are the area coordinates of the triangular plate element. Given that the piezoelectric patches are pasted up electrode slices on two sides, and it assumed that the connected side of piezoelectric patches is grounded, so the potential of this side could consider zero, and another side of the piezoelectric patches as the potential node, the degree of potential node freedom is ff e a g. The potential of the piezoelectric element changes linearly in the Z direction (polarization). Electric field intensity can be obtained from E = Àgradf.
Hamilton principle is adopted to establish the motion equation of the unit. The principle is expressed as follows
where T, U, and dW are the kinetic energy, the strain energy, and the virtual work done by the external loads, and they are obtained as
where V z and V a are the volume of the plate and piezoelectric patches, r z and r a are the density of the material and piezoelectric patches.
T, U, and dW are calculated by substituting equations (1)-(5) into equation (7) and then they are substituted into equation (6) . By performing the variation operation, the equation of motion of element can be obtained as follows
where f a = Ð A a (2 0 3 u)=h a dA, 2 0 is the absolute dielectric constant, and u is the voltage; M z and M a are mass matrix of the plate and piezoelectric patches, [g] is pneumatic damping matrix, [a] is pneumatic mass matrix, and K z and K a are the stiffness matrix of the plate and piezoelectric patches.
Then through assembling entire elements of the plate, the element mass and stiffness matrices into the global ones, and condensing the degree of potential freedom, the equation of motion of the plate can be obtained as follows
T is the nodal displacement vector in which n is the number of the node of plate, [K] is the stiffness matrix, and [M] is the mass matrix.
Control model of panel and the index of reliability
The state equation with the uncertain parameters is obtained by transforming the dynamic equation of the panel, and the state equation is
Because of the uncertainty of the system's structure parameters, the coefficients of the state equation also contain uncertain parameters. Here, it uses interval variables to describe uncertain parameters.
It is supposed that {j} = {j 1 j 2 . j n } (n is the total number of interval variables) is the vector composed by uncertain variables. Interval variables can be expressed by deviation j r and mean value j
According to equation (11), and with vector {j} = {j 1 j 2 . j n } being constituted of uncertain variables, here we expressed a performance function as follows
According to a non-probabilistic reliability index proposed by Guo
where h is the minimum distance from the coordinate origin to the failure surface. The above means that, when h . 1, the structure is in reliable region, and h \ 1 is in the failure region, the principle involves thinking that uncertain variables in performance function respectively as variable independent and dependent variable, namely, coordinate axis. According to probability analysis method, we could obtain that the square area, which is constituted of d i and seen from the Figure 2 is the possible value range of normalized interval of uncertain variables. As shown in Figure 2 , the intersection point on the failure surface of the performance function is the represented value of
This point is equal to the normalized interval of uncertain variables. Therefore, robust reliability could be defined as follows
According to equation (11), if j r /j c is small, j r can be considered as a small aqueous entity. So, the coefficients matrix of equation (13) could be used the first Taylor formula to unfold, and the coefficients can be expressed as follows
Basis of non-probabilistic reliability theory designed H N robust controller
Considering the following system
Lemma 1. A necessary and sufficient condition for a H N state feedback controller of the generalized control object in equation (14) is that symmetric matrix X and a matrix of any suitable dimensions V is in existence. Then, the following linear matrix inequality (LMI) was established as follows (14), we can obtain system as follows
According to interval expression in equation (11) of uncertain parameters, the coefficient of the state equation is shown as follows
By substituting equation (17) in equation (16), and combining them with theorem 1, we obtain theorem 2.
Theorem 2. With the system and the given constant g . 0, if for the all uncertainties, the existence symmetric matrix X and a matrix of any suitable dimension V for this could have set up LMI as follows Figure 2 . Performance function and failure surface.
\0
ð18Þ where
Then, the control rate of suboptimal state feedback exists in the system, and the feedback control gain matrix is as follows
Theorem 2 expresses that if symmetric matrix X and a matrix of any suitable dimension V should exist for the possible value of all uncertain variables, then equation (18) would be established. Then, a robust controller u = VX À1 x exists, satisfying state equation (equation (16)), and the robust performance of the controller is g. At this point, we can consider this robust controller as the reliability of the system in the entire uncertainty range. Therefore, according to non-probabilistic reliability theory, we can rewrite equation (18), and obtain the performance function to analyze the H N reliability of equation (16), and the performance function is as follows 
According to equation (19), if symmetric matrix X and a matrix of any suitable dimension V should exist for the possible value of all d, then M \ 0 would be established. Thus, we consider the state feedback controller can control reliability for the system in the whole interval of all uncertain parameters. The controller is as follows
According to equation (12), we can obtain the method for solving robust controller and robust reliability, which is satisfied H N performance g for system. The method is as follows
As can be seen from equation (20), we first refer to the second formula to obtain robust controller with the d value at any possible d O . Then, using the controller, we refer to the first and third formulas to obtain robust reliability. Through reliability, we can see the maximum value range of uncertain parameters in which the controller is effective. However, the controller obtained through this method presents limitations, such as a narrower effective range less than the entire uncertain range.
However, if the reliability h c , which is needed to obtain the controller, is already known, then, we can obtain the controller through the following method
Through reliability, which is a requirement for the controller, we use equation (22) to obtain the value of every normalized interval as follows
Then, equation (22) can be used to yield the optimal feedback control gain matrix, K = VX À1 considering that this feedback exists. If the feedback exists, then a robust controller that can make the H N control system achieve the reliability requirement is believed to exist, as well. If the feedback does not exist, then the controller, which could achieve the required reliability, is nonexistent, so reliability should be reduced to obtain the controller. As such, the increase or decrease in reliability is equal to the increase or decrease in the interval range of uncertain parameters. The controller exists and it is effective in this interval.
Above all, we can also discuss H N performance g g c , in any case, the controller obtained through the above method is g suboptimal, it could be used as the feasp command in MATLAB to calculate equation (22) .
Finally, in order to verify the vibration suppression effect of the plate of the controller within the entire interval of uncertain parameters, and to test whether the controller presents robust reliability in the whole Zhang et al. 5
interval, the feedback control gain is substituted in equation (10) .
Numerical examples
In this article, the model of composite panel is shown in Figure 1 , and the panel boundaries were simply supported on four sides, and the parameters of the panel and piezoelectric materials are shown in Table 1 . The panel is divided into 20 units, and six blocks of piezoelectric patches were pasted on the panel, and the corresponding position is the units of 7-9, 12-14. And the 19th node with the maximum panel vibration is the observation point. If we disregard the association with piezoelectric control in the motion equation of the panel, it can be obtained that when approach velocity reaches 440.8 m/ s, the panel will start to flutter.
Here, it is assumed that the elastic modulus E 2 is an uncertain parameter, and the interval of elastic modulus E 2 is [7.57 3 10 9 8.57 3 10 9 ]. Considering the panel possesses uncertainty, the value of critical flutter speed of panel falls within an interval, under the assumption that critical flutter speed is linearly changing with the uncertain parameter interval. Critical flutter speed interval was evaluated by taking the upper and lower bounds of uncertain parameters, and the interval is
Given different approach velocities, the system will present different c, k values. Therefore, the H N controller not only changed with H N performance and reliability but also changed with approach velocity. According to the control model of panel flutter in equation (12) and the performance function in equation (20), different controllers can be obtained under different assumptions of H N performance, reliability, and approaching velocity, and the panel vibration is tested using the controller. The following section discusses the effectiveness of inhibiting panel vibration using the current method under different assumptions of H N performance, reliability, and approach velocity. (g, h c , U, and h 1 represented H N performance, reliability, approaching velocity, and elastic modulus E 2 , respectively.)
1. Assuming that g = 1, h c = 0.001, U = 250 m/s and g = 1, h c = 0.001, U = 400 m/s, in such cases, when uncertain variables, respectively, employ minimum, mean, and maximum values from the uncertainty parameter interval, the effectiveness of controller can be seen from Figures 3 and 4 . For a given U = 250 m/s, the corresponding control voltages are presented in Figure 5 (the following control voltages adopted the first piezoelectric patches), in which uncertain parameters employ mean values. From the figures, we can see that the controller exerts good effect in this case. When uncertain variables, respectively, employ minimum, mean, and maximum values, panel amplitude is decreased. Thus, according to Figure 1 , we can believe that this controller is effective and reliable when uncertain parameters take any values from within the uncertainty parameter interval. 2. Assuming that g = 1, h c = 1, U = 330 m/s, in such case, when uncertain variables, respectively, employ minimum, mean, and maximum values from the uncertainty parameter interval, the effectiveness of the controller can be seen from Figure 6 . From the figure, we can see that the controller exerts good effect. Then, when uncertain variables, respectively, employ minimum, mean, and maximum values, panel amplitude is decreased. Thus, according to Figure 1 , we can consider that this controller is effective and reliable when the uncertain parameters take any value from within the uncertainty parameter interval.
The reliability is increased if the controller exist, and the value range of uncertain parameters in which the controller is effective is also considered to increase, assuming that the reliability is h c = 1, Therefore, we can see that the value range of uncertain parameters is E 2 = [7.07e9 9.07e9]. Figure 7 shows the vibration time histories of the panel, in which the values of uncertain parameters are 7.07 3 10 9 and 9.07 3 10
9
. However, it can be seen from Figure 8 that, corresponding to the larger reliability, the control effect is relatively poor instead. Sometimes, however, the controller does not exist, such as when reliability is too high. For example, when U = 330 m/s, the reliability cannot exceed h c = 5, otherwise the controller will be non-existent.
When the velocity reaches
which is the panel starts to flutter in uncontrollably. The value of uncertain parameters is selected in the interval and each of values corresponded to the critical flutter speed interval, assuming that g = 1, h c = 0.001. Figure 9 shows the vibration suppression effect of controller which is the velocity reaching V cr = 440.2 m/s and the values of uncertain variables, respectively, employ minimum, mean, and maximum in uncertainty parameter interval. If it is obtained that the velocity is V cr = 440.8 m/s, and the value of uncertain parameters is the mean from uncertainty parameter interval, the effectiveness of the controller is presented in Figure 10 . For a given V cr = 440.8 m/s and employing mean values of uncertain parameters, the corresponding control voltage is presented in Figure 11 . From the above figures, we can see that the panel flutter converges, and thus, the controller is effective and reliable within the whole interval of flutter critical velocity. 4. Assuming that g = 1, h c = 0.001, with the increasing approach velocity that exceeds V cr = 441.5 m/s, it can be found that the vibration of the panel may be controlled very well at any approach velocity. Figures 12 and 13 show the vibration time history curves of panel, when the velocity is V cr = 800 m/s, V cr = 1500 m/s and the uncertain parameters employed minimum and maximum values.
However, although it can be obtained the controller which may be controlled panel vibration at any velocity, but the voltage required by the controller is higher with the velocity increasing, it may exceed maximum voltage of the piezoelectric patch, it can be seen from Figure 14 .
Therefore, it should be noted that some limitations of reliability-based approaches exist, the reliability could not be very large, because the optimal feedback control gain should not be obtained with the objective function or the optimal feedback control gain may be too high, so that the control voltage required by the controller may exceed the limitation of the piezoelectric patch. If we need higher reliability, it can be applied to narrow the interval range of uncertain parameters, to reduce the H N robust performance or to increase the number of the piezoelectric patch.
Conclusion
In this article, suppression of composite panel flutter with uncertain parameter of the structure is investigated based on non-probabilistic reliability theory. The non-probabilistic reliability performance functions are established, and the relationship between the robust controller and H N performance and reliability is obtained. By determining H N performance and reliability, the suppression effects of the controller on the composite panel are analyzed. The following conclusions can be drawn: 1. When H N performance and reliability are known, and with the increase in approach velocity, the controller, which is solved according to the method of this article, can reliably and effectively control the panel within the whole interval of uncertain parameters. 2. When H N performance and approach velocity are known, as the improving reliability, the controller is reliable and effective in controlling the panel within the entire interval of uncertain parameters. With the increase or decrease in required reliability, the interval of uncertain parameters is expanded or reduced, and the control effect is relatively poor instead. 3. When H N performance and reliability are known, the controller is effective within the whole interval of panel flutter, and panel flutter is turned to convergence. It can be found that the vibration of the panel may be controlled very well at any approach velocity, but the voltage required by the controller is higher with the velocity increasing, then, the maximum approach velocity may be limited by the maximum voltage of the piezoelectric patch.
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